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SEZP-ALIGNING ROCKETS 

ABSTRACT 

It i s  suggested t h a t  t.he head and t he  motor of  a  f in - s tab i l i zed  
rocket  be joined not rigidly,  but  by a trapezoidal  linkage, with t h e  
l a rge r  p a r a l l e l  s i de  of the l inkage located forward and joined t o  the  
motor, so t h a t  the  linkage i s  under tension and is s t a b l e  with respec t  
t o  t h e  angle between the  head and the motor. The apparently inavoidable 
l i n e a r  misalignment of the je t  %hr=urat %hen can be converted, i n  e f f ec t ,  
i n to  &he r e l a t i v e l y  harmless angular misabigmen*, The l inkage possesses 
a number of o ther  useful  features ,  and it, does not seem impossible t h a t  
it may lead t o  a  r ad i ca l  increase i n  the  accuracy of  rockets o r  boosters, 



It is ~nders tood~tenta t ive ly ,  tha'b one of the basic - and apparently 
inavoidable - reasons f o r  the dispersion of non-spinning fin-stabilized 
rockets is  the accidental  misalignment of the j e t  thrust .  This may be 
the angular misalignment ( thrust  a t  an angle t o  the axis of the rocket, 
or there i s  present a cross-force a t  the center of mass of the rocket), 
or the l inear  misalignmnt ( thrus t  offset  from the axis of the rocket, 
or there is  present a torque whose vector i s  perpendicular t o  the axis 
of the rocket) . It i s  furthermoro understood that  of these two the l inear  
misalignnsent i s  the more harmful one, especially when the burning 
distance i s  great; and tha t  it i s  principally for  t h i s  reason t h a t  
e f for t s  a r e  being made t o  reduce the burning distance, sacr i f ic ing  thereby 
certain inherent adsrantages of rocket i n  comparison with a recoi l less  
gun (1,210 

The object of t h i s  paper i s  t o  record the poss ib i l i ty  of connecting 
the motor and the  head of a rocket by a linkage such tha t  the motor would 
have a modicum of freedom of rotation with respect t o  the head, so  t h a t  
i n  the presence of an accidental  l inear  misalignment it w i l l  simply 
turn  through a cer tain angle, converting the harmful l inear  misalignment 
i n t o  the r e l a t ive ly  harmless angular misalignment, Only the bare 
outlines of the principles of such a linkage are  presented, and the subject 
i s  t r ea t ed  more as an abstract  problem i n  Mechanics ra ther  than an Ordnance 
design. 

The suggestion hinges on cer ta in  interest ing features of the common 
trapezoidal linkage, t o  which we now turn our at tent ion.  

2,  TRAPEZOIDAL LINKAGE: 

Consider a symmetrical trapezoidal linkage (Fig. 11, whose small 
pa ra l l e l  side (located a t  the bottom, and connected r ig id ly  t o  the head 
of the rocket., which i s  located above) fo r  the moment may be imagined 
stationary. The large pa ra l l e l  side (located an top, and connected 
r ig id ly  t o  the motor, which i s  located below) is moving, and has an 
external force (the symmetrical j e t  thrust)  applied upwards along i t s  
perpendicular bisector (the ax is  of the motor), The non-parallel sides 
(say, "armsn) a r e  under pure tension, We wish t o  inspect the forces a d  
the  torques exerted by the linkage on these two bodies, 

Let the height of the trapezoid be h, and let the r a t i o  of the sides 
be 1 + 1/Q. The center of rotat ion of tho motor is always a t  the point 
of intersect ion of the arms (3); and i n  particular,  for  the undistorted 
trapezoid it is on the axis  o f - the  head a t  a distarice @ from the  small 
s ide (b) ,  As the  motor rotates ,  the center of ro ta t ion  moves sidewise, 
(5# 4 7) but a point on the motor tha t  was i n  tha t  center fo r  the undis- 
t o r t ed  trapezoid, does not move with the center of rotation; rather ,  
the  motion of the motor is  roll ing, afid t h a t  point acquires only a 
downward velocity, which - it i s  easy t o  see - is of the second order 

(I) Numbers i n  parentheses r e f e r  t o  the remarks i n  the Appendix, 
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with respect  t o  the  angle  through which the  motor turns  (8). Thus t o  
the  f irst  order we might say t h a t  the  motor simply turns  about a point  
f ixed (approximately) on the a x i s  of the  head, Obviously, the o r ig ina l  
reason fo r  t h i s  linkage i s  t o  introduce t h i s  e f fec t ive  pivot somewhere 
near the  center of mass of the  motor, f a r  away from compact juncture of 
t h e  motor and the  head. 

The r e s u l t a n t  of t he  forces  exerted by the two arms, hawever, passes 
through the in te r sec t ion  of these arms, (9) viz.,  through a point  generally 
removed from the  axis of the  motor, It i s  obvious t h a t  t h i s  r e s u l t a n t  
w i l l  be - a t  l e a s t  approximately - p a r a l l e l  t o  t h e  appl ied force;  and 
t h a t  there w i l l  therefore be a res tor ing torque, tending t o  t u rn  t he  
motor back i n t o  the  sp rne t r i c a l  posit ion.  This inherent  s t a b i l i t y  of t h i s  
linkage amounts t o  the  f a c t  t h a t  the  two arms a c t  a s  a couple of s t re tched 
and l inked  pendulums. 

More i n t e r e s t i ng  is  the  f a c t  t h a t  t h i s  r e su l t an t  fo rce  ~ d l l  indeed 
be p a r a l l e l  t o  the  applied force: this i s  the  r e s u l t  of our assumptions 
of small angles and of the  absence of applied forces other than t he  
syrranetrical j e t  t h r u s t  (10). Since t h i s  r e su l t an t  passes through a 
point  whose dis tance from t h e  ax i s  of t h e  head i s  proportional  t o  t h e  
angle between t h i s  r e su l t an t  and t he  a x i s  ( l l ) ,  the important consequence 
i s  t h a t  t h i s  r e su l t an t  always p s s e s  through a point  which i s  f i xed  - t o  
the first order - in the  axis of t h e  head. It can be e a s ' l y  shown t h a t  i t h i s  point  is loca ted  a t  t he  distance of approximately from the  small  
s i de  of the  t rapezoid (12).  We s h a l l  c a l l  t h i s  point  ( i n  the  w r i t e r s s  
ignorance of other esbablished name f o r  i t )  the  center  of percussion. 
of t he  t rapezoidal  linkage (13). Obviously, it i s  approximately a t  
t h i s  point  t h a t  the  center of mss of t h e  head should be located8 f o r  
then the  linkage will exe r t  no torque upon the  head. 

The linkage i s  thus characterized by two purely geometrical centers  
(those of r o t a t i on  and percussion), separated by the  dis tance of approx- 
imately P h(Q + ~2), and the  parameters h and 4$ may be r ead i l y  s e l ec t ed  
t o  s u i t  t h e  other fea tures  of the  design. We may remark a t  t h i s  point  
(ant ic ipat ing our rudimentary discussion sf t h e  performance of such 
rockets)  t h a t  it might be more p r ac t i c a l  t o  accept a center of percussion 
f a r  ahead of t h e  center of rrnss of the head, The parameter Q i s  r e a d i l y  
recognized as roughly the r a t i o  of the  distance from the  small s i de  t o  
t h e  center of percussion t o  t h e  distance from the center of r o t a t i on  t o  
the small side.  To make the  linkage compact we need small  h and l a rge  
9; and an  ins i s tence  on the  coincidencs of centier of mass of the  head 
with t h e  center of pcrcussion would l i rn i t  t h e  appl icat ion of t h i s  l ink-  
age t o  very-low-velocity rockets , 

We s h a l l  now attempt t o  discuss t h e  expected performance. of such 
rockets, commencing with a s e r i e s  of d r a s t i c  simplifying ascvwnptions 
(including the  assumption of t h e  c e n t e ~  of mass of t h e  head a t  t he  
center of percussion of the  l inkage) ,  



3 ,  PWXRMNCE I N  VACUUM 

Assw  no aerodynamic f o x e s  and torques; no gravity;  no i n i t i a l  yzw 
or  yawing; zero-length launcher; a cons'tant massm of the rocket and a 
constant  accelera t ion A. In the  presence of tohe angular misalignment 
(angle a between the  a x i s  of the  rocket  and the  assumed constant d i rect ion 
of t h ru s t )  the  conventional. r i g i d  rocket simply takes  off i n  t he  di rect ion 
a, without ro ta t ion .  h the  pe sence  of the  l i n e a r  misalignment (distance 
M between the  l i n e  of' t h ru s t  and the  center of' mass of the rocket) ,  
the  conventional r i g i d  rocket %wns with an angular acce*eration ~ ~ / m k * ,  
where F = t h r u s t  and 5 = radius  of gyration; i n  time t the rocket  tu rns  
through the  angle FMt 2mkZ o that thore  i s  a cross-force ~ 2 ~ 6 2  2mk2, 4 9 2  4 a cross accelera t ion F M2/2m k and a cross-velocity ~2~it3/6m*k ; 
dividing t h i s  by ye ax ia l  ve loc i ty  ~ t / m ,  we have the  instantaneous 
def lect ion a s  FMt /6mk2; and noting t h a t  F/rn = A, and a t  the  end of 
b u n i n g  ~ t ~ / 2  i s  t he  burning distance 8, the final def lect ion i s  MB/~$  2. 
Thus a decrease i n  B i s  usua l ly  desirable, even though it r e s u l t s  in a 
grea te r  b l a s t  a t  the  gunner, higher pressure i n  the motor, a heavier 
motor, lower ve loc i ty  and a l e s s  e f f i c i e n t  rocket ,  Piore specif.ically, 
if both M and a a r e  due t o  an accidents': twn lng  of the nozzle through 
the  angle a, we my assume t h a t  M = -a&/:! a p p ~ o x i m t e l y  (L = length  of 
the r ~ c k e t ) , ~ s o  t h a t  raqio of the def lect ion due t o  M to t h a t  due to 
a i s  -LB/G~ ; and if k i s  roughly ~ ~ / 1 2 ,  the  r a t i o  is -2B/L9 i .e ., 
much more than 1 in magnitude, a s  it was men.t;foned a t  the  ou tse t ,  Of 
t,he many refiriements which modify such a conclusion the  most e s s e n t i a l  S one i s  t he  introduction of the r igh t ing  torque K$d 'u26 (where KN = moment 

coefficient ,  p density of t he  air ,  d = caliber,  u ve loc i t y  and 
6 = angle of yaw)); b u t  even then the  skele ton of the  above reasoning 
survives, the  phenomenon being inere1,y Limited t o  the f f rst quarter-period 
of yaw, or  SO,, the  most e s sen t i a l  characterfst , ic  of the  motion then i s  
the  length  of t he  period o f  yaw, ra ther  than B; but the i m p o r ~ n c e  of 
B s t i l l  survives, e s s e n t i a l l y  because the length  of: %he period of yaw 
is  never small enough, 

With o w  socket  the  basic  form 0%' motion i s  the  o s c i l l a t i o n  of 
t h e  motor about t he  axis of the  head, The force transmitted by the l inkage 
is @', where y is the  ratio of the mass of the head t o  the mass of the 
whole rocket; the res to r ing  torque i s  j#2?8, where 0 i s  the  angle of 
r o t a t i on  of t he  motor, Since the  coef f ic ien t  $3 i s  obviously much greater 
than ~$d3$ can be convenientJy mds, and s ince  t he  moment of  i n e r t i a  
of the  motor alone is obviously nluch less than t he  moment of i n e r t f a  of 
t he  r i g i d  rocket, the frequency of this oscilla.l;ion must be comparatively 
high; t h e  res idua l  deflection (produced mainly during the  f i r s t  quarter-  
period, or  so, of t h i s  o sc i l l a t i on )  m y  be then, i n  the f i r s t  approximation, 
neglected; while it should not be d i f f i cu l t l  t o  damp such rapid  oscf l l a t i o n s  
out rapidly ,  Then i n  t he  presence of a l i nea r  misalignment represented 
by a constant  torque of the  magnitude Ism, .the motor w i l l  simply s e t t l e  
down rap id ly  a t  the  angle 8 such *,hat E'M = @"PO, or @ M/@; which w i l l  
be the e f f ec t i ve  angular misalignment o f  the  new configupation of our 



rocket, t h a t  may be now considered a s  r ig id .  Comparing the  def lect ion 
M/@ with the  def lect ion ~ ~ / 3 k 2  of the  same rocket t h a t  would have occurred 
i n  vacuum had the  linkage been locked we see t h a t  our l inkage would 

?2 reduce the  deflection i n  the r a t i o  3k /B@; i f  k2 = ~2 /12 ,  = l /2 ,  and 
P = E/2, t h i s  r a t i o  i s  L/B; i.e., the possible gain i n  accuracy seems 
t o  be impressive enough. It should be noted t h a t  t h i s  r ad i ca l  gain 
merely r e f l e c t s  t he  awkwardly l a rge  def lect ion of t he  non-spinning rocket 
i n  vacuum, and there  i s  no in ten t ion  t o  i n f e r  t h a t  a l a rge  B will be ad- 
vantageous; it i s  merely t h a t  the  gain w i l l  be more conspicuous with 
the  more awkward rockets (having the  l a rge r  B).  

Let us now inspect  qua l i t a t i ve ly  the  r e s u l t s  of rescinding the  
assumption t h a t  the  center of percussion of the linkage i s  a t  t h e  center 
of mass of the  head (which was implied when we assumed no ro t a t i on  of t he  
head, and P = L/2), Specifically,  l e t  us leave the center of r o t a t i o n  
and t h e  center of mass of t he  motor coincident, but  l e t  us change the  
proportion of the-linkage, by making P l a r g e r  than before. Now, a s  the  
motor tu rns  through some angle under the  ac t ion  of t h e  misalignment 
torque FM, it begins t o  exe r t  some torque on the head; and a s  the  head 
turns,  the  r e s to r ing  torque of the  l inkage causes the  motor t o  follow 
the  head, so t h a t  our rocket  begins t o  exh ib i t  the  same type of be- 
hoviour a s  t he  r i g i d  rockets do. It seems reasonable t o  suppose, 
however, t h a t  the torque transmitted t o  the  head could be mde much 
smaller, pa r t i cu l a r l y  i n  view of the f a c t  t h a t  the angle t) = M/$ w i l l  
be decreased; so t h a t  our mechanism might achieve a reduction, i f  not a 
complete suppression, of the  def lect ion due t o  a l i n e a r  misalignment, 

More exact  rec i ss ion  of t h i s  assumption (as well as the  rec i ss ion  
of the assumption t h a t  the  center of ro ta t ion  i s  a t  t he  center of mass 
of the  motor) w i l l  be be s t  handled i n  conjunction with the in t roduct ion 
of the  aerodynamic torques and forces  - which w i l l  a l s o  introduce t h a t  
annoying complication, the  cross-force t h a t  m y  be transmitted by t h i s  
linkage. 

4 * EFFmT OF THE AE;HODYNAIIIIC FORCES 

We thus see t h a t  a rocket which had o r ig ina l l y  a symmetric ex t e r i o r  
contour but  possessed a l i n e a r  misalignment of the  j e t  w i l l  be rap id ly  
changed i n t o  a new, bent, configuration i n  which the  j e t  t h r u s t  w i l l  
pass through the  center of miss of rocket. I n  t h i s  new configuration t h e  
rocket  w i l l  possas  an angular misalisnment (and possibly, some res idua l  
l i n e a r  misalignment, i f  the  center of percussion of the linkage i s  i n  
f r o n t  of t he  center of mass of the  head)j therefore,  i n  vacuo t h i s  rocket  
w i l l  s t i l l  be deflected (even though by a much smaller dunout) i n  the  
same direct ion a s  it would have been deflected i f  it were r i g i d .  If 
the  ex te r io r  surface of t h i s  rocket  remained symmetrioal, t h e  def lect ion 
due t o  the  res idua l  l i n e a r  misalignment would be diminished by the  ac t i on  
of the  r i gh t i ng  torque, but  the  def lect ion due t o  t he  angular misalignment 
w i l l  be somewhat increased by t h i s  ac t ion ,  Let  us now inspect  b r i e f l y  
the  effect  of the d i s t o r t i o n  of the exterior surface of the  rocket. 



If we assume t h a t  i n  t h i s  new configuration the  rocket  i s  effect ive-  
l y  a r l g i d  body, we may r eco l l ec t  t ha t  a bent non-spinning f in -s tab i l i zed  
s h e l l  i s  usual ly  a s s w d t o  f ly ,  eventually, along i t s  a x i s  of zero moment; 
in which angular posi t ion the  s h e l l  i s  ac ted  upon by a steady l i f t ,  and 
therefore gl ides ,  The rocket  w i l l  only t end  t o  t h i s  posi t ion and it m y  
be t h a t  it w i l l  never achieve it; yet, a b r i e f  consideration of t h i s  
l imi t ing  case seems relevant.  Since the r igh t ing  moment ac t ing  upon t h e  
finned motor must then be balanced by the  overturning moment ac t ing  upon 
the  head, i n  t h i s  angular posi t ion both the  motor and the head a r e  turned 
i n  the  di rect ion opposite t o  t h a t  of the rieflection of t h i s  rocket  i n  
vacuo ( the  head being turned through a greater angle) , The def lec t ion  
due t o  t h i s  s teady l i f t ,  then, i s  i n  the  di rect ion opposite t o  t h e  
def lect ion i n  vacuo. It would seem therefore  - i n  pr inciple  - t h a t  the  
rocket  may be so  proportioned ( in ten t iona l ly  or accidenta l ly)  t h a t  the  
res idua l  deflection i s  well-nigh zero, no matter what i s  the  misalignment 
of t he  nozzle, 

It i s  now in t e r e s t i ng  t o  observe t h a t  the f a c t  t h a t  the  rocket does 
not acquire t h i s  angular posi t ion a t  once (since the deformation is due 
mainly t o  t he  motion of t he  motor alone, ra ther  than t o  such a motion 
of both motor and head as  w i l l  leave t he  r e s u l t a n t  aerodynamic moment as 
zero) happens t o  help fu r ther  i n  compensating the  def lect ion i n  vacuo. 
After  the  rocket i s  deformed, and u n t i l  such time when it s e t t l e s  i n  the  
equilibrium yaw, there  w i l l  a c t  a res to r ing  moment i n  a d i rec t ion  opposite 
t o  the  def lect ion i n  vacuo; t h i s  w i l l  be l a rger  than f o r  the  conventional 
r i g i d  rocket, because the  angle of a t t ack  of t h e  f i n s  i s  grea te r ,  Dis- 
regarding the subsequent o sc i l l a t i ons  of the  assembly (viz., assuming 
them, f o r  simplici ty,  t o  be rap id ly  damped out somehow) - it is  'easy t o  
see t h a t  the e f fec t  of t h i s  moment upon the  def lect ion w i l l  be t h a t  of 
a temporary l i n e a r  misalignment i n  the opposite d i rect ion.  

It i s  not  c lea r  a t  a l l ,  unfortunately, t h a t  the r e su l t an t  assembly 
( e l a s t i c  due t o  t he  presence of the  res to r ing  torque due t o  the  j e t  t h r u s t )  
may be assumed t o  a c t  as a r i g i d  body. I n  a more thorough study it 
might be necessary t o  study the  v ibra t ions  of t h i s  assembly, a s  well 
a s  i t s  osc i l l a t ions ,  and t o  allow f o r  the  separation of the  l i f t  and 
r igh t ing  torque! i n t o  the  components ac t ing  separate ly  upon the  motor 
and the  head. The equations of the  motion of the system a n  be wr i t t en  
out e a s i l y  enough, but they t u rn  out t o  be e n t i r e l y  too complicated 
(and the  evaluation of t h e  aerodynamic components, too involved) f o r  
our present purposes. Pbre f r u i t f u l  a t  t h i s  time w i l l  be a mere 
qua l i t a t i ve  inspection of the  ac t ion  of such a system, 

We should now note t h a t  the  linkage m y  transmit  a cross force  a t  
the  center of ro ta t ion ;  for ,  with respect  t o  a force perpendicular 
t o  t he  a x i s  of the  trapezoid and passing through the  centsr  of rota t ion,  
the  linkage a c t s  simply as ;a t r i angula r  t russ ,  o r  a s  a cant i lever  beam, 
Such a force  my ar i se ,  f o r  instance, as a r e s u l t  of ex te r io r  cross-force 

, appl ied t o  the motor, or  - a s  o react ion - a s  a r e s u l t  of an ex t e r i o r  
turning moment applied t o  the head. 



Consider f irst  the  l i f t  applied t o  the motor alone, and consider it 
appl ied a t  the  coincident centers of the ro ta t ion  of the linkage, and of 
t he  mass of the  motor ( the moment of the l i f t ,  ac t ing on the  motor at i t s  
center of pressure, can be considered separately, a s  any other  moment, 
such a s  the  moment due t o  the asymmetry of the  j e t o  similarly,  we need 
consider here only a rocket  with a symmetrical j e t j .  The question i s  
what effect  does t h i s  l i f t  produce on the head (viz,, on t he  center-line 
of our rocket) .  If the  conventional rocket had i t s  center of pressure 
a t  t h i s  point  (our center of rotat ion),  the  res to r ing  moment due t o  
lift would have t o  t u rn  both the head and the  motor; i n  our case it has 
only t o  t u rn  the  head, s ince  it cannot turn the  motor ( the motor w i l l  
be turned by the l a rge  torque due t o  the  jet ,  a s  soon a s  the  head tu rns  
with respe c t  t o  the  motor) . Indeed, some of t h i s  l i f t  w i l l  be absorbed 
i n  t he  l i n e a r  accelera t ion of the  head, and some, i n  the  l i n e a r  accelera- 
t i o n  of the  motor; but  s ince  it i s  so much ea s i e r  t o  tu rn  the  head 
about i ts  d i s t an t  center of percussion* (15), it i s  obvious t h a t  only 
a small f r ac t i on  of t h i s  l i f t  will be absorbed i n  the  l i n e a r  a c c ~ l e r a t i o n  
of the head. Thus the l i n e a r  accelera t ion of the  motor w i l l  be l a rge r  
than in the  case of a s o l i d  rocket, and of the  head - smaller. This 
means t h a t  t h e  center l ine  of our rocket  w i l l  be turning t h a t  much f a s t e r  
(16), as if the  r e s to r ing  torque were g rea te r  than it r e a l l y  is. A t  
the  f i r s t  glance t h i s  may appear a s  pul l ing oneself up with t he  boot- 
s t raps;  the  f a c t  of the  matter is, the res to r ing  torque has a smaller 
job t o  do, and therefore  does it more e f fec t ive ly  - and the  job is  
f in ished l a t e r ,  by the  introduction of an ex t e r i o r  large  torque of 
the  j e t .  

The reader  may wish t o  consider next the  e f f e c t  of t he  l i f t  ac t ing 
upon the  head alone (this Lift is applied somewhere near the  nose, and 
causes the  overturning moment on the  head), Since the  e f f ec t  of t h e  
cross-force i s  simple only when the cross-force i s  applied a t  the  center 
of rota t ion,  it may be ea s i e r  t o  v i sua l ize  the e f f ec t  of such a l i f t  i f  
we t rans fe r  it t o  the  center of r o t a t i on ,  The l i f t  w i l l  then be a~companied 
by a very l a rge  overturning torque; but  most of t h i s  torque w i l l  be 
cancelled by t he  res to r ing  torque of the l i f t  appl ied a t  the  cen te r  of 
ro ta t ion .  It remains theref  ore only t o  inspect  the  e f f e c t  of the  (over- 
turning) moment applied t o  the  head alone,  A t  the first glance i t  might 
appear t h a t  t h i s  moment w i l l  be r e s i s t e d  only by the  r e l a t i v e l y  small 
moment of i n e r t i a  of the  head alone. This is  not sog a r o t a t i o n  of the 
head about i ts  center of mass requires a l so  a t rans la t iona l  motion of 
the  center of g r av i t y  of t h e  motor; hence, the  i n e r t i a l  r es i s tance  of 
t he  head w i l l  be much greater ,  i .e ., t he  harmful e f f e c t  of t h e  over- 
turning moment will be l e s s  strong than it might a t first appear Lo 
be. bgain, t he  exact behaviour of t he  system can be worked out  by 
s e t t i n g  up the  equations of motion; but the purpose of t h i s  presenta t ion 
i s  merely t o  point  out t h a t  the proposed system does not seem t o  possess 
aqy gla r ing  shortcomings i n  comparison with a conventional rocket. 

* Not the  center of the  percussion of the  l inkaget  



Further znrmying t':onp:hi~;t~:t3.ons w i l l  be j.nt~c~duuced into the  theory 
ff the  desl,g.nev. desires t.i:; rc?scird t h e  assu.nir;-tic,n cf the  coincidence of 
the  Canters of r ~ t a t i o n  a.rd o f  the mass a;.f' the  m,ctos, The motor then 
w i l l  be no longer rslat2v.el.y .fs,3t?c3 t,o t a r n  abcri;:t i.ts ce:rit,ar of mass; t he  
ro t a t i on  of' t h e  motclz about ",'Ls acantei. cjf' mass w : i l l  the11 involve some 
sidewise trarlslat ion o:? the  celrx'c,es of ~*ota. tfoc,  arid consequently, some 
cross-f orce a,% t h i s  center o f  IU t a t i  or:\, as 2;Il.e i n e r t i a l  x4eactf on of 
the head. In p=ticuEar, if' th.e eenk,er csf rotati.on of the  linkage is 
back of the  center  sf mass o f  tile n~otor ,  .the rota t i .cn  of the  head w i l l  
be i n  the same d i rec t ion  a s  the  ro t a t i on  of' %he motor, We might s q  
t h a t  some of the  moment applied t o  tho  motor w i l l .  then be transmitted 
t o  t.he head, The ef.fect w 5 l . l  'be similar 'co that  of  introdncing a 
spring r e s t r a i n t  be.t~ieen ,the motor and thc haad, I n  fact,, when the 
center of r o t a t i o n  i s  made Lo recede in to  i .nfinity - viz,, when t h e  
trapezoidal  l inkage becomes a. pa , ra l l e logram~ic  l inkage - the  r e l a t i v e  
angular motion of -ihe head and the mo%os becomes hpossi.bPe, J u s t  as 
with the  increase  of 5h.e s.ti.,ff ness of the  spying res t ra in t "  our rocket 
eventually be comes the ~on.~entic3n.a.I r i g i d  rc  eketi, 

The comp9ieation of %he .thecrlpy which res.uXts from the reciss iol l  
of the eofnci,dence o f  those two centera may not be absolutely necessary; 
but  it i s  i n t e r e s t i ng  because kb  rimy f.uaU&her help i n  copensatizig the  
residual, deflection,  a s  we l l  as i n  designing a more compact linkage, 
The cross-force transmit,ted by the Linkage enters  t h e  equations of the  
motion of the system, as an acidftj.uuaa% ~r.ar.5.a.b3.e, associated wit31 what is 
e s sen t i a l l y  an eq?la.tfon of reskraE!i.lt - ~ahirih s t a t e s  t ha t  the  center of 
rota-l;ion is f ixed  b ~ t h  :in t he  ~:~o.tax. w,rxd is1 t,he hsad, Unfolrt~lna.tely, even 
'in the shp1.es-b case - an .'h\xo.v:.abS.e hsad - t h i s  awss-force $w*ns out  
to be a f a i r l y  c%ulmy. funct ion of %he a .~~pl i t ?d-  ~ O P C E S  and torques, d is-  
tances and moments of: inert i .a ,  ete ,  Z,&gangi.a.n methods,, by v i r t ue  of 
t h e b  inherent  e : lh ina t ian  of ths scpa%foxis of ros t raknts ,  should be 
helpful  i n  t h i s  corie ct ion,  

5 PROSPECTS 

A crude sketch sho%ri.ng a, pos i; l.t9.a pmct ical, inethod of mnuf  actur ing 
such l inkage f o r  mt.illex*y, rock:e.i;s i.s givsn 5.n Fig ,  2, The linkage is 
a compact, l i g h t  and self-= cc;:ntai5:~eci sub.-a,ssemb'iy of* the complete round, 
t o  which f irsi, the  head, awl. f f.na2.Jy the mof;s:r, are as~embled~perhaps  
by the  simple press  f l:t; ,the fo:?cc!s t~~r.ansn~l.tted by the surfaces  of con- 
t a c t  a re  e s sen t i a l l y  thcse of comp~ossion, so  t h a t  no parut icular ly  
heavy s t ruc ture  (such as: f,head.s) L,3 Ilecessamoy, "rho-: l inkage takes the 
place of t h a t  Jo in t  which,  is oord:knari;I-y a.n awkward and ineff  S cient  n a r t  
of the  design of a rocket,; ;b.t raa,y be noted .that the thermal insu la t ion  
of t he  head from the motor i.5 achieved au%oxaat:i.eal,l.y, but a separate 
and e f f i c i e n t  closrji.aqe of t he  f r o n t  end of the motor is necessary, 

The linkage consis ts  o f  two d i s c s  clamped t i gh t l y  together by a 
wire wrapped e s sen t i a l l y  in a zigeag manner, The su~ face  of t he  contact 
between t he  two discs ,  heavily grea:Tecj, 4s a spheric3 , surface with the  
center. a t  t he  center of ~o ta5 . io r i  of' the ~ a p e a o i d ~ ~  The zigzag, idea l ly ,  
is r a t h e r  l i k e  a square (r;lorc :-;xactly, t r " ape~o~d ; l l )  wave:, with the  wbes 





ly ing along the  generatrices of the cone having i t s  apex a t  the  center 
of t he  spher ical  surface;  then any two wises f orm a trapezoid with the 
same center of ro ta t ion .  IIowever, a ~ninor departure from t h i s  condition 
may be beneficial ,  fo r  it w i l l  merely increase the  e l a s t i c  s t i f f n e s s  of 
the  rocket  assembly, and w i l l  enable t he  linkage t o  transmit  more twist- 
ing torque* The l inkage can be yeadily made so t ha t  the  surface of the  
contact  between the two discs, i n  addit ion t o  being a spherical  surface, 
includes some centering device; then i n  the  absence of th rus t  between 
the  motor and the  head - ~ris;,, i n  hand]-ing, o r  i n  f r e e  f l i g h t  - the 'rocket  
w i l l  be e f fec t ive ly  a r i g i d  body. This feature ,  however, is  not 
essent ia l ,  and i n  i t s  absence the  rocket  w i l l  be simply a s t i f f  e l a s t i c  
s t r a i g h t  body. On t h e  r i s e  of the powder pressure i n  the  motor the 
react ion of the  head fur ther  s t re tches  the  wires so  t h a t  the  spher ical  
surfaces separate  (and %he centering s w f a ~ e s ~  if any, become unlocked) . 
The grease (or other analogous device) serves t o  increase  t he  damping, 
and ye t  t o  dllow the  resumption of the  proper centering when the  powder 
pressure subsides - so t h a t  i n  t he  f r ee  f l i g h t  the  rocket, i n  s p i t e  of 
the  possible asymmetry of i t s  j e t  during the  burning, i s  again a 
symmetrical body, 

The development of such rockets  w i l l  be fraught, with many aux i l i a ry  
problems t h a t  a re  outside the  province of t h i s  wri ter ;  they w i l l  require  
a cooperation of competent s p e c i a l i s t s  and an energetic manufacturing 
exper imentat i~n.  Thus, e ,g ,, the  rocket  w i l l  e e ~ t a i n l y  function even 
i n  the  presence of Msmlln spin; but  how small i s  smll,  and what a r e  
t h e  e f f ec t s  of spin-on t h i s  system, arp questions outside the  scope of 
this paper. Some problems (cf E@L 8SSB) loam la rgep  i n  prospect than 
i n  the  pealf ty ;  some will not be r ea l i z ed  u n t i l  brought up by the 
experiments, 

An ana ly t i c a l  solut ion of the  equations of motion, with t he  object  
of determining t h e  parameters of the design so a s  t o  minimize the  de- 
f l ec t ion ,  would bs very desi rable  indeed;: unfortunately, it seems t o  be 
extremely d i f f i c u l t .  An obvious ( and perhaps fashionable) path would 
be t o  assume a s e r i e s  of reasonable configuration of parameters, and 
t o  make the  f i n a l  se lect ion on the basis  of inspection of a l a rge  number 
of t h e  solutS.ons of t h e  equations procuroed on the modern high-speed 
computing machines. In t h e  opinion of the writer more frzli$ful w i l l  
be an immediate extensive experimentation, with tha designs based on 
t he  qua l i t a t i ve  understanding of this mechanism - which t h i s  paper 
attempted t o  convey. 



The following remarks a re  numbered t o  correspond with t h e  numbers 
i n  parentheses i n  the  t ex t ,  and may be read (or  no t  read) a s  footnotes 
t o  the t e x t ,  

1. An addi t iona l  circumstance e s s e n t i a l  in the  in t roduct ion of 
the subject  i s  t h a t  it is understood, tenta t ively ,  t h a t  such misalignmentsv 
expressed a s  dis tances  or  angles, are  extremely small - of the  order of 
hundredths of an inch and a f r ac t i on  of a degree. This circumstance 
was l a rge ly  responsible f o r  the  suggestion a t  hand, s ince  it indicated 
a t  the  ou tse t  t h a t  a f i rs t -order  theory w i l l  su f f ice .  

2. The bas ic  hypothesis may not be universal ly  accepted, s ince  
i t s  woof i s  undoubtedly d i f f i c u l t ,  being i n  the  nature of a successful  
completion of a b a l l i s t i c  analysis  of rocket f i r e .  The hypothesis is  
nevertheless very intr iguing,  a s  i s  any hypothesis t h a t  purports  an 
explanation of l a rge  e f fec t s  by s m l l  and difficult-to-measure causes; 
the hypothesis w i l l  remain an outstanding nuisance u n t i l  d e f i n i t e l y  
disproven, The suggested method of a t t a ck  is  rad ica l .  A nebulous 
heu r i s t i c  analogy e x i s t s  here with the subjects discussed i n  wr i t e r ' s  
BBLM 80, BRLM 685, ERLTN 353 and BRL 892. 

3. If i n  a planar motion of a r i g i d  body the d i rec t ions  of the 
ve loc i t i e s  of two body-fixed points a r e  known, the  motion can be repre- 
sented a s  a ro t a t i on  about the point  of in te r sec t ion  of the  normals 
t o  those directions,  e rec ted  a t  those .points .  I n  our case these  normals 
a r e  t h e  arms themselves. 

. Let the  length  of the  small s ide  be 2D. The overhang of the  
l a rge  side then i s  D(l + 1/51 - D = D/Q, and t he  arms, therefore, make 
the  angle  y = arctan(Dbh)  with the ax i s .  Therefore the  distance from 
t h e  small s i de  t o  the  center of r o t a t i on  i s  D/tany = a. 

5 .  The f a c t  t h a t  i n  the  f i r s t -o rder  theory the path of t h e  
center of r o t a t i on  i s  normal t o  the  a x i s  of the  undisturbed trapezoid 
may be obvious i n tu i t i ve ly ,  Yet the following r e l a t i v e l y  rigorous 
proof, inc iden ta l  t o  the f i rs t -order  theory of the  idea l ized  linkage, 
might be of i n t e r e s t ,  

6. We rnay note first, a s  a lemma, t h a t  both arms of the trapezoid 
move approximately through t he  same angle. Let one arm, whose length 
i s  hsecy, t u r n  through a small angle $d ; the  displacement of t he  end of 
t h i s  arm i s  ghsecy, and i s  a t  the angle y t o  undisturbed pos i t ion  of 
t he  l a rge  side.  This displacement has a component ((ihsecy) cosr  = $ h  
along t h i s  side,  and a normal component ( i n  opposite d i rec t ions  f o r  
t he  two arms) of  tan^ - $ Dh , The r e l a t i o n  between t he  angles  
through which the two arms t u rn  i s  f ixed  by t h e  f a c t  t h a t  the  distance 
between t h e  two ends of these arms remains unchanged. But t he  normal 
components have only a second-order e f f e c t  on t h a t  distance. Hence 



the components along the long side must be the aaroe, and hence the two 
angles a r e  ( t o  the first order) the same 

7, M' bath arms turn thaoo.cigh the same angle, the angle between 
these two arms i s unchanged, The point of intersection of the two 
arms t h e n  would t rave l  i n  a c ~ c l e  passing through the two stat ionary 
pivot joints of the two arms; and t o  the first order, we are  concerned 
only wi th  a small portion of t h i s  circle,  viz,, a short  l i n e  normal to  
the ax is ,  

8, The representation of the motion a s  ro l l ing  d t h o u t  slipping 
i s  somewhat, awkward i n  the l inear  theory: i n  this theory the path of 
the center of rotat ion with respect t o  the moving body, viz., i n  the 
coordinate system fixed i.n that  borly, o r  t he  c m e  which r o l l s  (which 
we mfght cal l ,  for  convenience, the polha&) i s  a l so  a short  segment of 
a s t ra ight  l ine,  Lee,, it i s  indistinguishable from the path of the 
center of potation 5-11 'che fixed coordinates (viz,, the curve on which 
the polhode ro l l s ,  which we might call the herpolhode), In  the next 
approximation, if herpolhode is  a circl.e passing through the vert ices  of 
the short, side, the polhode i~ d circ:ls passing th~~ough the vert ices  of 
the long side; the more exact curves ma3 be readi ly  constructed (or 
computed), and they indeed resemble S O ~ E ! F ~ ~ F ~  thesf' two c i rc les  , The 
representation of the ~r~ot ion as  rolli.ng, even though it -j s not an 
essent ia l  fea-lure of the first-UP& theory, seems pract ical ly  necessary 
i n  order t o  r ea l i ze  t h a t  the mottion of the point f ixed i n  the moving 
body a t  the or iginal  posit ion of the centier of wt3;iti~)n 19 only along 
the axis  of the asscmb3y, ana I s  atof t h e  second-orderM with respect t o  
t he  angle $ of the 19 tation ~f the arms; so tha t  t o  the f i r s t  order we 
may say tha t  the displacement of t ha t  point  i s  zeroo 

9 .  The parallel.ogranmic addit ion of forces determines not only the 
direction and the magnitude sf: the jr%s*ul,.t;?n%, but a l so  the l i n e  along 
which, the resu l tan t  acts, 

10, To prove the parallelism of %he applied and the transmitted 
- forces i n  the l inea r  theoryg cansf der the ktead! imotrable, and l e t  the 

center of mass of the mot,or be i n  t h e  ~rigina:E position of %he center 
of rotation, a s  it i s  iyxireed %he case foxa o w  pracl;i@al p~u-poses . Since 
the vector sum of the applied farce and ef the reaction of the head must 
be ppoportfoml t o  the a~celera t~ icnl  o f  the center of mass of t he  motor, 
and since that  acceleration i n  the E l r s S - o ~ ~ r  t9hcory i s  zero, t h i s  
vector sum must be zero9 the yueaction of the head nmut be ant ipara l le l  t o  
the applied force (the jet tkxpust), or %he transmitted force j.s para l l e l  
t o  the applied force, An extension of' %his seasoning by an inclusion 
of an a x i a l  acceleration of the rocket w i l l  present no d i f f i cu l t i e s ,  
An attempt al; a more exact ana1ysj.s l eads  t o  considorable mathematical 
complications, which do not aeem jus t i f ied  a t  t h i s  stage; p a r t i c u l a ~ l y ,  
since l i t t l e  use of t h i s  hypo$%~eticaI parallelism i s  made i n  the tex t ,  
and since the effecf of these compPicat'innu, as dfscu.ssed i n  the tex t ,  
should be expected t o  be snal:l, 



11. To evaluate the  displacement of the  center of rota t ion,  
consider the  extensions of arms from the s ta t ionary  pivots  t o  the  
o r ig ina l  posi t ion of the center of ro ta t ion .  Their length i s  hQsecy. 
A s  they t u r n  through an angle a, t h e i r  ends move from t h i s  o r ig ina l  
position, a t  angles y t o  the  normal t o  the axis, through the  dis tances  
f i ~ s e c ? ~ ,  Their new in te r sec t ion  i s  located, t o  the f i r s t - o rde r  theory, 
a s  discussed above, on t h a t  normal; and it i s  easy t o  see t h a t  t h i s  new 

2 i n t e r s ec t i on  occurs a t  the distance #hQ sec  y from the  o r ig ina l  posi t ion.  
On the other hand, by considering e i t he r  the  displacements of the  ends 
of the  arms normal t o  t h e  o r ig ina l  posi t ion of the  long side, {D/C$, i n  
comparison with the  half-length D(l + I/($) of t h a t  side,  o r  the  dis- 
placement h{ of the  center of t h a t  s i de  a t  the  distance ha + h from the  
center of rota t ion,  the angle through which the  motor turns,  8, i s  
{/(Q+l). Thus both the displacement of the  center of ro ta t ion  and 8 
a re  proportional t o  4; i .e ., they a r e  proportional t o  each other. 

12. The in te r sec t ion  of the  vector of the  t ransmit ted force  with 
the  a x i s  of the  head i s  d i s t a  t from t h e  center of ro ta t ion  by 9 (@sec2y)cotB=h(&j + 82) hsec 7 .  Subtracting hQ from th i s ,  the  distance 
from the  shor t  s ide  t o  t h i s  in-tersection is, hQ2(1 + (1  + 114) tan2y). 
While t he  angle y i n  the f i r s t - o r b r  theory i s  not  t r e a t ed  as an infinite- 
simal, it i s  easy t o  show t h a t  f o r  a compact linkage (small h and large Q) 
t h e  angle y w i l l  be small, end the difference between t he  exact  expression 
end the  approximation a2, unimportant - a t  l e a s t  f o r  the introductory 
purposes of the  t ex t .  

13, An a l t e rna t i ve  term f o r  t he  center ~f percussion of a 
t rapezoidal  linkage i s  ihe cznter of the transmitted force .  Of course, 
this point  e x i s t s  only  i n  the f i r s t -o rder  theory, There ex i s t s  some 
s l i g h t  analogy; thls point  i s  conjugate, so t o  say, not  t o  another 
point  (center of ro ta t ion) ,  but r a the r  a (shor t )  l i n e  (the tangent 
t o  t h e  polhole and herpolole, j u s t  a s  the center of percussion of a 
r i g i d  body is  conjugate t o  a ce r ta in  l i n e  (of t he  appl ied fo rce) ,  
A s  t h e  permsual of the t e x t  w i l l  show, no strong s ignif icance i s  a t t ached  
t o  t h i s  point, and it is introduced purely f o r  t he  sake of convenience 
of t he  presentation,  

14. A s  mentioned above, the  distance between the center of 
r o t a t i on  and the  center  of percussion of t h e  linkage i s  h ( ~ ~ ~ ) s e c * ~ ,  
which approximately ( fo r  t h e  purposes of presentation) i s  h(~.rlF)2), 

15. A body of mass M and rad ius  of gyration K, acted upon by a 
force a t  a distance D from its center of moss, acquires a l i n e a r  acclera-  
.tion of i ts center of mass) of f/M, and an  angular acce le ra t ion  
fD/hKi; so t h a t  a po in t  of t h i s  body lying on the in te r sec t ion  of f 
with t he  norsnal t o  f through the center of mass acquires an acce le ra t ion  

along f of f/M + &/I%* = ( f h )  (1 + D B ~  ) . Hence t h e  e1fect ive  mass 
2 2 of the  body a t  t h a t  point  i s  &/(I + D /K ), i , e  ,, i s  l e s s  than M. The 

motion of the body, incidenta l ly ,  i s  a o ta t ion  about i ts  center of 
percussion, which i s  a t  the  distance K$ from the center of mass) or a t  
t he  distance D + K~/D from f 



16, A simple i l l u s t r a t ion  might be helpful here. kt the masses 
and the r a d i i  of gyration of both head and motor be m apd k, and l e t  
the distance between the i r  centers of mass be P = 2D; consider the 
effect  of the cross-force f a t  the center of mass of the motor, 

( i )  W i t h  conventional rocket the t o t a l  mass is H ='2m and the 
square af the radius of gyratibn of t h i s  mass i s  = ~2 + k2. The 
angular acceleration is  ~ D / M ( D ~  + k2) (f/MD)/(l + k 2 P )  . 

( i i )  With our rocket, let f = f h  + fm, these being the con- 
poneakjr acting upon the head and the motor, respectively. The accelera- 
t ion of the center of mass of the motor i s  

2 2 2 2 
a = (f/m) (1 + P /k )/(2 + P /k 

2 The center of percussion of the head being a t  the &stance P + k /P 
from f, the angular acceleration of the head (i.e ., Of the center-line 
of our rocket) is 

which can be W i t t e n  a s  

( i i i )  Comparing ( i i ) ,  with ( i ) ,  we see tha t  the  r a t i o  of the 
angular ~ c c e l e r a t i o n  of the center-line of our rocket t o  the angular 
acceleration of the conventional r i g i d  rocket is 

2 2 2 2 ( 1  + 41?/k2)/(1 + k /t) )/ (1  + 2D /k ) ( l  + k2/4&, 

which i s  always greater than 1, 
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